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Abstract
We derive the exchange currents of pseudoscalar, vector, and scalar mesons from
Feynman diagrams, and use them to calculate the magnetic form factors of nucleon
and ∆(1232). The magnetic moments and electromagnetic radii are obtained by using
those form factors and the parameters determined from the masses of nucleon and
∆(1232). We find the magnetic moments and electromagnetic radii of nucleon and
∆(1232) can be produced very well in the extended Goldstone-boson-exchange model
(GBE) in which all of pseudoscalar, vector and scalar meson nonet are included. The
magnetic moments of ∆(1232) are closer to experiment values and results from lattice
calculation than the results obtained by the model without other mesons except for
pion and sigma.
1 Introduction
In the frame of constitute quark model, the exchange currents between quarks are impor-
tant to produce the properties of hadrons. There are two kinds of exchanges, gluon exchange
and meson exchange. In Isgur’s model, one-gluon-exchange (OGE) governs the structure of
the hadrons[1]. Since the last few years, Shen et.al.[2], Riska and Glozman [3, 4, 5]applied
the quark-chiral coupling model to study the baryon structure. In the works of Glozman
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et.al. [4, 5], the vector meson coupling was included to replace one-gluon-exchange. They
found the spin-flavor interaction is important in explaining the energy of Roper resonance
and got a comparatively good fit to the baryon spectra. Recently, L. R. Dai et. al. extended
original chiral SU(3) quark model, in which the nonet pseudoscalar meson exchanges and
nonet scalar meson exchanges are considered in describing medium and long range part of
the interaction and OGE contribute the short repulse, to the extended chiral SU(3) quark
model, in which vector mesons are included[6]. They calculated N-N scattering processes
and found the similar results to the original chiral SU(3) quark model calculation. In the 1S0
case, the one channel phase shifts of the extended chiral SU(3) quark model are obviously im-
proved. In our previous works [7], we found that mixing angles of N∗ resonance are sensitive
to the different interaction models, and we calculated the amplitudes for photoproduction
of negative parity N∗ resonances under 2GeV to compare different interaction models. All
those suggest that vector meson exchanges may be important to the short range mechanism
of quark-quark interaction.
On the other hand, the method, by which the electromagnetic form factors of deuteron
are calculated on nucleon level [8], has been applied to quark level by Buchmann et. al.[9].
They have calculated the electromagnetic property of nucleon and ∆(1232)[10, 11]. Their
results of magnetic moments and electromagnetic radii of nucleon agree with experiment
values well while the magnetic moment of ∆(1232) is 6.981µN . There are two experiment
results, 6.14 ± 0.51µN by LOPEZCATRO and 4.52 ± 0.50 ± 0.45µN by BOSSHARD [12].
Through the result of Buchmann et.al. is still within the region given by Particle Data
Group [12], it is larger than both experiment values above. The recent result from lattice
QCD is 4.99±0.56µN , which supposes the latter experiment result[13]. In the calculations of
Buchmann et.al., gluon, pion, scalar meson and confinement exchanges are considered. But
the effects of other pseudoscalar mesons and vector mesons are not included. On nucleon
level, the discrepancy between the coupling constant of πNN (≈ 14) and that of ρNN
(≈ 3) is large. The effect of ρ meson is negligible since there is square coupling constant
in form factors. However, by using the relations: gpiqq =
3Mq
5MN
gpiNN and gρqq = gρNN [14], we
know that the coupling constant of πqq is only about one fifth of πNN while the coupling
constant of ρqq equals to that of ρNN . Hence on the quark level, the effect of ρ meson
on the form factors may not be ignored. In this paper, we calculate magnetic moments
and electromagnetic radii of nucleon and ∆(1232) in the extended GBE model to study the
effects of the vector mesons.
In the following section, we present the Lagrangian we used. In section 3, the potential
and masses of nucleon and ∆(1232) in the extended GBE will be calculated to determine the
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parameters. The magnetic moments and electromagnetic radii will be obtained in section 4.
Conclusion and discussion will be given in the last section.
2 Lagrangian used
First, we give the Lagrangians which will be used to derive potentials and the exchange
currents. The total Lagrangian can be written as following:
Ltotal = i
2
(ψγµ∂µψ − ∂µψγµψ)−mqψψ +
∑
pi,η,η′
Lϕ +
∑
ρ,ω,φ
LV + Lσ. (1)
where ψ and mq are the quark field and quark mass. Because we only calculate the case of
nucleon and ∆(1232), we do not consider strange meson exchanges.
Under a global infinitesimal chiral transformation, we can obtain the π part of Lagrangian
as following:
Lpi = −gpiqψi
3∑
a=1
λa · πaγ5ψ + 1
2
3∑
a=1
Dµπ
a ·Dµπa, where : Dπa = ∂µπa − gρ
3∑
b,c=1
ǫabcρ
b
µπ
c.(2)
Here and henceforth πa and ρaµ are the pion and rho meson fields, respectively, λ
a
i is the
Gell-mann flavor matrix of i-th quark which reduce to Pauli matrix τi as a=1,2,3 because
we do not consider the strange dimension. gpiq and gρ are coupling constants.
We construct the ρ quark coupling as Jido et. al. did in the case of ρ nucleon coupling
[15]. According to the construction of the gauge theory, the direct coupling of a quark ψ
to the ρ meson is constructed replacing the derivative by the associated covariant derivative
with the gauge symmetry:
∂µψ(x)→ Dµψ(x) = ∂µψ(x) + igρ
∑
a
[ψ(x), V a(x)]ρaµ, (3)
where V a is the generator of the gauge symmetry of the SU(3) flavor space. Here, [ψ(x), V a(x)] =
−1
2
λaψ. Then the ρ part of Lagrangian is as following:
Lρ = −gρqψγµ
3∑
a=1
λa · ρaµψ −
1
4
3∑
a=1
ρµνa · ρaµν , where : ρµν = ∂µρaν − ∂νρaµ − gρ
3∑
b,c=1
ǫabcρ
b
µρ
c
ν ,(4)
where we assume coupling constant between rho and quark, gρq =
gρ
2
, in order to be consistent
to the π part in form.
For η and ω mesons, Lagrangians have analogous forms as the part of π and ρ, respec-
tively.
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We also consider σ exchange :
Lσ = gσqψσψ + 1
2
(∂σ)2. (5)
The electromagnetic Lagrangians can be derived using the principle of minimal coupling
∂µ → ∂µ+iqAµ, where q is the charge carried by the field upon which the derivative operator
acts. Then the γqq, γππ and γρρ interaction Lagrangians are:
Lγqq = −QeψγµψAµ, (6)
Lγpipi = −ie[π∂µπ+ − π+∂µπ]Aµ, (7)
Lγρρ = −ie[∂µρ+ν (Aµρν − Aνρµ)− ∂µρν(Aνρ+µ −Aµρν+)], (8)
where
π =
1√
2
[π1 + iπ2], ρµ =
1√
2
[ρ1µ + iρ
2
µ], (9)
and Q is the charge of quark in unit of e. Aµ is the electromagnetic field. Because the
charges of π0, ρ0, ω, φ, η, η′and σ are zero, there is no interaction between them and photon.
3 The extended GBE model
In the harmonic-oscillator model, we assume that the Hamiltonian of three quark system
is of the form:
H =
3∑
i=1
(
mq +
p2i
2mq
)
+
3∑
i<j
V conf(ri, rj) +
3∑
i<j
V res(ri, rj), (10)
where ri, pi are the spatial and momentum coordinates of the ith quark, respectively. The
third term is a two-body harmonic-oscillator confinement potential:
V conf(ri, rj) = −aCλci · λcj(ri − rj)2, (11)
and aC presents the strength of the confinement and λ
c
i is the color operator of the i-th quark.
After removing the kinetic energy of the center of mass motion of three quark system, we
take the first three terms of Eq. (10) as unperturbed hamiltonian H0. Hence the total baryon
wave function ΦN(∆) is an inner product of the orbital, spin-isospin, and color wave function
and given by
| ΦN(∆) >= (πb2)−3/2 exp(−(ρ2 + λ2)/2b2)) | ST >N(∆) × | [111] >N(∆)color , (12)
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where the Jacobi coordinates ρ and λ are defined as ρ = (r1 − r2)/
√
2 and λ = (r1 + r2 −
2r3)/
√
6.
The residual interaction V res consists gloun and meson (pseudoscalar mesons π, η, η′,
vector mesons ρ, ω, φ, and scalar meson σ) exchange potentials. In the following, we will
explain them in detail.
The one-gluon exchange potential[16]:
Vg(ij) =
αs
4
λci · λcj
{
1
r
− π
m2q
(
1 +
2
3
σi · σj
)
δ(r)− 1
4m2q
1
r3
(3σi · rˆσj · rˆ− σi · σj)
− 1
2m2q
1
r3
[
3
(
r× 1
2
(pi − pj)
)
· 1
2
(σi + σj)−
(
r× 1
2
(pi + pj)
)
· 1
2
(σi − σj)
]}
,(13)
where r = ri − rj; σi is the usual Pauli spin matrix.
The one-π exchange potential:
Vpi(ij) =
3∑
a=1
λai · λajσi ·∇σj ·∇fpi(r), (14)
where
fM(r) =
g2Mq
4π(2mq)2
(
e−µM r
r
− e
−ΛMr
r
)
, (15)
M presents π, η, η′, ρ, ω or φ meson. µM , ΛM and gMq is meson mass, cut-off and meson
quark coupling constant.
The one-η(η′) exchange potential can be obtained from one-π exchange potential through
replacing the all things about π by corresponded ones of η.
The one-ρ exchange potential:
V 0ρ (ij) =
3∑
a=1
λai · λajσi ×∇ · σj ×∇fρ(r), (16)
V LSρ (ij) =
3∑
a=1
λai · λaj2[3r ×
1
2
(p1 − p2) · 1
2
(σ1 + σ2)− r × 1
2
(p1 + p2) · 1
2
(σ1 − σ2)]fρ(r),(17)
V Cρ (ij) =
3∑
a=1
λai · λaj4m2qfρ(r). (18)
The one-ω and one-φ exchange potentials can be obtained from one-ρ exchange potential
by analogous replacement.
Here, we use the ”perfect” mixing pattern for the η, η′, ω and φ, i. e.,
λη =
1 +
√
2√
6
λ8 +
−1 +√2√
6
λ0, λη′ = −−1 +
√
2√
6
λ8 +
1 +
√
2√
6
λ0; (19)
λω =
√
1
3
λ8 +
√
2
3
λ0, λφ = −
√
2
3
λ8 +
√
1
3
λ0. (20)
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Hence we only consider nucleon, the strange dimension in the Gell-mann matrices above
have no effect on the results. Then Eqs. (19,20) become:
λη → 1√
2
1, λη′ =
1√
2
1; λω = 1, λφ = 0; (21)
that is, there is no contribution from φ.
The scalar meson exchange potential is as following:
Vσ(ij) = −
g2σq
4π
(
e−µσr
r
− e
−Λr
r
)
. (22)
With the Hamiltonian of Eq.(10) and the wave function of Eq.(12) it is straightforward
to calculate the nucleon mass. One obtains
MN (b) = 3mq +
3
2mqb2
+ Vconf(b)− 2αs
√
2
π
1
b
+
1
4
δg − 5
4
δpi +
1
4
δη − 5
2
δρ +
1
2
δω + Vσ(b),(23)
M∆(b) = 3mq +
3
2mqb2
+ Vconf(b)− 2αs
√
2
π
1
b
+
5
4
δg − 1
4
δpi − 1
4
δη − 1
2
δρ − 1
2
δω + Vσ(b),(24)
where
δg(b) =
4αs
3
√
2πm2qb
3
, (25)
δM(b) = −4
f 2piq
4πµ2M
√
2
π
1
b
{
µ2M
(
1−√π(µMb√
2
)eµ
2
M
b2/2erfc(
µMb√
2
)
)
− (µM ↔ ΛM)
}
, (26)
where the individual terms in Eqs. (23,24) are the nonrelativistic kinetic energy, quadratic
confinement, gluon, pion, eta, rho, omega and sigma contributions, respectively. In this
paper we use η to present both η and η′. Here δη presents
1
2
(δη + δη′). The confinement
contribution to the nucleon and ∆ mass is given by
Vconf(b) = 24acb
2, (27)
and the σ-meson potential contribution is
Vσ(b) = −6
g2σq
4π
1√
2π
1
b
{(
1−√π(µσb√
2
)eµ
2
σb
2/2erfc(
µσb√
2
)
)
− (µσ ↔ Λ)
}
. (28)
In our calculation, we leave out all spin-orbit forces and the central components from the
vector meson exchanges as Ref. [4]. This treatment is further supported on more theoretical
grounds by a study of the two-pion exchange mechanism between constituent quarks in Ref.
[17].
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Subtracting Eq.(23) from Eq.(24) all spin-independent terms drop out and one gets
M∆ −MN = δg(b) + δpi(b)− 1
2
δη + 2δρ − δω, (29)
To obtain the numerical results, we show the parameters in our calculation. First we
assume constituent quark mass mq =
1
3
MN = 313MeV . The gluon quark coupling constant
αs is determined by Eq. (29). Here we use the same values of meson quark coupling constants
for pseudoscalar and vector mesons respectively as Ref. [4], which is also used in Ref. [6].
The coupling constants between vector mesons and quark in Ref. [4] have included the part
of tensor coupling. We follow them ont only in calculating mass but also in calculating
magnetic moments and electromagnetic radii because the effect of tensor coupling part can
be included by replacing vector coupling constants by the sum of vector and tensor coupling
constant. This can be seen by comparing the exchange currents below of Gari [8] and ours.
The values of Cut-offs Λγ follow the linear scaling laws[4]:
Λγ = Λpi + κ (µγ − µpi ) for pesudoscalar mesons , (30)
Λγ = Λρ + κ (µγ − µρ ) for vector and scalar mesons . (31)
The parameters b and ac are determined to get the right mass of nucleon. The explicit values
of parameters are presented in Table 1.
Table 1: Parameters: The quark mass is assumed to be one third of nucleon mass. The masses
of mesons are from Particle Data group[12]. The cut-offs, quark size and the coupling constants
between mesons and quark are from Ref. [11]. b and ac are determined to get the right mass of
nucleon.
mq 313Mev µpi 139Mev µη 547Mev µη′ 958Mev
µρ 770Mev µω 782Mev µσ 680Mev
g2Psq/4π 0.67 (g
v
V q + g
t
V q)
2/4π 1.31 g2σ/4π 0.67
Λpi 700MeV Λρ 1200MeV κ 1.2
αs 0.8584 b 0.609fm ac 17.98MeVfm
−2
The contributions from each exchange potential is listed in Table 2. αs here is smaller
than Ref. [10], 1.093. This is consistent with the conclusion of Ref.[6] that the strength
of OGE is reduced after the addition of vector mesons. This result a gap of contribution
from gluon between this paper and Ref. [10] about 120MeV. This gap is cancelled by the
contribution from rho meson exchange. The contribution of ω-exchange is small. Then the
mass of nucleon is reproduced with a small adjustments of b and ac.
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Table 2: Contributions of the kinetic energy (without the rest mass term) and individual potential
terms in the Hamiltonian to the nucleon mass of Eq.(23) cc: color Coulomb part of Vg, δ: δ-function
part of Vg. All entries are in [MeV].
T kin V conf V gcc V
g
δ V
pi V η V ρ V ω V σ Total
N 503.1 160.0 -443.9 39.6 -127.2 9.5 -126.7 24.8 -39.4 0.0
∆ 503.1 160.0 -443.9 198.2 -25.4 -9.5 -25.3 -24.8 -39.4 293.0
4 Magnetic form factors, moments and radii of nucleon
By using the Lagrangians above, we can evaluate Feynman diagrams, which are shown
by Figs. A1(a-e) in Appendix A, as Refs. [9, 10, 11, 18]. The total current operator consists
of the usual one-body operator and two-body exchange current operators tightly related to
the different quark-quark interactions:
ρtotal(q) =
3∑
i=1
ρimp(ri) +
3∑
i<j
{ρgqq¯(ri, rj) +
∑
M=pi,η,η′,ρ,ω
ρMqq¯(ri, rj) +
∑
S=σ,conf
ρSqq¯(ri, rj)},(32)
Jtotal(q) =
3∑
i=1
Jimp(ri)
+
3∑
i<j
{Jgqq¯(ri, rj) +
∑
M=pi,η,η′,ρ,ω
JMqq¯(ri, rj) +
∑
M=pi,ρ
JγMM(ri, rj) +
∑
S=σ,conf
JSqq¯(ri, rj).(33)
The explicit form of each current is given in Appendix A.
Quite generally, the charge radius is defined as the slope of the charge form factor at
zero-momentum transfer
r2C = −
6
FC(0)
d
dq2
FC(q
2) |q2=0, (34)
where, according to the general definition of the elastic form factors [8],
FC(q
2) =
√
4π < JMJ=J TMT | 1
4π
∫
dΩqρ(q)Y
0
0 (qˆ) | JMJ=J TMT > . (35)
We also consider the constituent quark size. It is an effective measure to including
relativistic effects[11, 19]. We use 〈r2〉q = 0.36fm2[11], which is consistent to Ref. [20].
Using Eq.(32) and the ground state wave functions of Eq.(12), we obtain charge radius
of ∆+ as following:
r2∆+ = b
2 + r2γq +
b2
6mq
(5δg − δpi − δη − 2δρ − 2δω) + 5
6m3q
Vconf + r
2
σ. (36)
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The charge radius of ∆0 is zero exactly, which is consistent with the analysis in Ref. [10].
If we compare this with the corresponding result for the proton
r2p = b
2 + r2γq +
b2
2mq
(δg − δpi − 2δρ) + 5
6m3q
Vconf + r
2
σ, (37)
and neutron
r2n = −
b2
3mq
(δg + δpi − 1
2
δη + 2δρ − δω) = −b2M∆ −MN
MN
, (38)
we obtain from Eqs.(36-38) the parameter-independent result
r2∆ = r
2
p − r2n. (39)
So we find that the relations Eqs. (38,39) found in Ref. [10] are still tenable through we
consider both pseudoscalar and vector mesons.
We list our numerical results in Table 3. The results agree with the experiment values
well. By using Eq. (38) and experiment values, we can determined b=0.610fm, which agrees
with the value b=0.609fm that we obtain in section 3 and use in the calculation.
Table 3: Nucleon and ∆(1232) charge radii from individual two-body exchange currents. A finite
electromagnetic quark size r2γq = 0.36 fm
2 is used. The charge radius of the ∆0 is zero in the
present model. The experiment values are from Particle Data Group[12]. All entries are in [fm2]
except for the total result which is in [fm].
r2imp r
2
gqq¯ r
2
piqq¯ r
2
ηqq¯ r
2
ρqq¯ r
2
ωqq¯ r
2
σ r
2
conf
√
| r2total | Exp.
p 0.731 0.094 −0.060 0.000 −0.060 0.000 0.029 −0.169 0.751 0.870
n 0.000 −0.063 −0.040 0.007 0.040 0.020 0.000 0.000 0.340 0.341
∆ 0.731 0.157 −0.020 −0.002 −0.020 −0.010 0.029 −0.169 0.830
The magnetic moments of ∆ are defined as the q → 0 limit of the magnetic dipole form
factor [8]
FM(q
2) =
2
√
6πMN
iq
< JMJ=J TMT | −i
4π
∫
dΩq[Y
1(qˆ)× J(q)]1 | JMJ=J TMT >, (40)
We calculate nucleon and ∆(1232) magnetic moments, and N → ∆ transition magnetic
moments. We consider next-to-leading order term of the isovector pion pair-current not only
in the case of ∆(1232) but also in the case of nucleon, and find it is really no obvious effect on
the result. The numerical results are presented in Table 4. It’s found the magnetic moments
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of nucleon agree with experiment very well. The magnetic moments of ∆ are proportional to
their charge as only gluon, pion is considered. There are obvious improvements for magnetic
moments of ∆. For ∆++, the effect of addition of η and vector mesons gives a decrease about
1.3 from the values of Buchmann et. al., 6.9814µN [10]. This value is more consistent with
the experiment values, 6.14±0.51 by LOPEZCATRO and 4.52±0.50±0.45 by BOSSHARD
[12]. It is just in the margin of the recent result from lattice QCD, 4.99 ± 0.56 [13]. The
values of magnetic moment for ∆+ we obtained agree with the lattice values, 2.49± 0.47µN
[13], and the experiment values, 2.7+1.0
−1.3(stat.)± 1.5(syst.)± 3(theor) [21]compared with the
value, 3.491, in Ref. [10].
There is only a small improvement for the N → ∆ transition magnetic moments.
Our result is consistent with some authors, 2.44µN by simple nonrelativistic quark model
(NRQM)[12], 2.53(2.63)µN by Dahiya et. al.[22] and 1.7 ∼ 3.0µN by Julia-Diaz et. al.
[23]. The experiment values adopted by Dahiya et. al. is 3.1 µN [24]. The recent one is
3.642 ± 0.019 ± 0.085µN [25]. The results of NRQM, Dahiya et. al., Julia-Diaz et. al. and
ours are smaller than the experiment values especially the latter. The problem with the
underestimation of the N → ∆ transition magnetic moment persists also after inclusion of
both pseudoscalar and vector meson exchange currents.
Table 4: Nucleon and ∆(1232) magnetic moments, and N → ∆ transition magnetic moments from
individual two-body exchange currents. The experiment values of nucleon, ∆ and N-∆ transition are
µp = 2.792847337(29)µN , µn = −1.91304272(45)µN , µ∆++ = 6.14 ± 0.51µN (by LOPEZCATRO)
and 4.52± 0.50± 0.45 (by BOSSHARD)[12], µ∆+ = 2.7+1.0−1.3(stat.)± 1.5(syst.)± 3(theor) [21] and
µp→∆+ = 3.642 ± 0.019 ± 0.085µN [25], respectively . All entries are in µN .
µimp µgqq¯ µpiqq¯ µγpipi µηqq¯ µρqq¯ µγρρ µωqq¯ µσ µconf µtotal
p 3.000 0.473−0.141 0.469 0.000 0.000−0.051−0.148 0.252−1.023 2.830
n −2.000−0.158 0.195−0.469 0.020−0.101 0.051 0.049−0.168 0.682−1.897
∆++ 6.000 1.891 0.325 0.000 0.121−0.604 0.000−0.592 0.504−2.045 5.599
∆+ 3.000 0.945 0.162 0.000 0.061−0.302 0.000−0.296 0.252−1.023 2.799
∆0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
∆− −3.000−0.945−0.162 0.000−0.061 0.302 0.000 0.296−0.252 1.023−2.799
p→ ∆+ 2.828 0.223−0.276 0.663−0.057 0.142−0.073−0.140 0.237−0.964 2.585
The magnetic radius is defined as the slope of the magnetic form factor at zero momentum
transfer:
r2M = −
6
FM(0)
d
dq2
FM(q
2) |q2=0, (41)
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we list our results of magnetic radii of the nucleon and ∆(1232) in Table 5. The results
agree with experiment very well.
Table 5: Magnetic radii of the nucleon and ∆(1232) from individual two-body exchange currents.
The magnetic radius of the ∆0 is zero. A finite electromagnetic quark size, r2γq = 0.36 fm
2, is used.
Experiment values is from Refs. [26, 27, 28]. All entries are in [fm2], except for total results which
are in [fm].
r2i r
2
gqq¯ r
2
piqq¯ r
2
γpipi r
2
ηqq¯ r
2
ρqq¯ r
2
ηρρ r
2
ωqq¯ r
2
σ r
2
c
√
| r2t | Exp.
p 0.775 0.094 −0.029 0.217 0.000 0.000 −0.011 −0.011 0.047 −0.331 0.867 0.855
n 0.771 0.047 −0.263 0.324 −0.006 0.011 −0.016 −0.005 0.047 −0.329 0.885 0.873
∆ 0.783 0.191 0.034 0.000 0.011 0.220 0.000 −0.022 0.048 −0.335 0.830
From Tables 3-5, we can find the effects of mesons except for pion and sigma is non-
negligible. They provide a contribution to give better result for magnetic moment of ∆. In
other cases the result is similar to the one without those mesons since the effect of those
mesons can be smeared by the variation of parameters.
5 Conclusion and discussion
We calculate magnetic moments and electromagnetic radii of nucleon and ∆(1232) in
an extended GBE model. With the parameters determined by the mass of nucleon and
∆(1232), the magnetic moments and electromagnetic radii of nucleon are consistent with
the experiment results very well. There are obvious improvements for magnetic moments
of ∆. Our result is more consistent with experiment results and results from lattice QCD
calculation compared with the model which only consider pion and sigma mesons. The
relations obtained from one-pion exchange survive from addition of other mesons. The
results above should be helpful in better understanding the short range mechanism of quark-
quark interaction.
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Appendix A: Charge density and exchange current
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By using the Lagrangian in Eq. (1), we can evaluate Figs. A1(a-e) to obtain charge
density and exchange currents as Refs. [9, 10, 11, 18].We obtain the charge density and
exchange current as follows:
γ
(a)
γ
gloun
(b)
γ
mesons
(c)
γ
mesons
(d)
γ
scalar
(e)
Figure A1: One-body and two-body exchange currents between quarks: (a) impulse, (b) gluon
pair, (c) meson (pi, η, η′, ρ, ω) pair, (d) mesonic, (e) scalar(confinement, σ) pair.
a) charge density
ρ
IS/IV
imp (ri,q) = Qiee
iq·ri (A1)
ρgqq¯(ri, rj,q) = −i αs
16m3q
λci · λcj
{
Qiee
iq·ri [q · r+ (σi × q) · (σj × r)] + (i↔ j)
} 1
r3
,(A2)
ρpiqq¯(ri, rj,q) = ee
iq·x1(
1
3
τ i · τ j + τjz)σi · iq
2mq
σj ·∇rfpi(r) + (i↔ j), (A3)
ρηqq¯(ri, rj,q) = ee
iq·x′
1(
1
3
+ τiz)σi · iq
2mq
σj ·∇rfη(r) + (i↔ j), (A4)
ρρqq¯(ri, rj,q) = ee
iq·x′
i(
1
3
τ i · τ j + τjz)σi × iq
2mq
· σj ×∇rfρ(r) + (i↔ j), (A5)
ρωqq¯(ri, rj,q) = ee
iq·x′
i(
1
3
+ τiz)σi × iq
2mq
· σj ×∇rfω(r) + (i↔ j). (A6)
ργpipi(ri, rj,q) ≈ 0, ργρρ(ri, rj,q) ≈ 0. (A7)
ρS(ri, rj,q) = e
iq·riQie
1
(2mq)3
(
3
2
q2 − iq ·∇r + 1
2
∇
2
r
)
VS(ri, rj). (A8)
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b) exchange current
Jimp(ri,q) = Qie
i
2mq
(i[σi × pi, eiq·ri] + {pi, eiq·ri}). (A9)
Jgqq¯(ri, rj,q) = − αs
4m2q
λci · λcj
{
Qiee
iq·ri
1
2
(σi + σj)× r+ (i↔ j)
} 1
r3
. (A10)
j1piqq¯(ri, rj,q) = ee
iq·r1(
1
3
τi · τj + τjz) iq
4m2q
×∇rσj ·∇rfpi + (i↔ j), (A11)
j2piqq¯(ri, rj,q) = ee
iq·x1 [τ i × τ j]3σi(σj ·∇r)Vpi + (i↔ j), (A12)
jηqq¯(ri, rj,q) = ee
iq·r1(
1
3
+ τiz)
iq
4m2q
×∇rσj ·∇rfη + (i↔ j), (A13)
j1ρqq¯(ri, rj,q) = ee
iq·x1(
1
3
τi · τj + τiz)(σ1 + σ2)×∇rVρ + (i↔ j), (A14)
j2ρqq¯(ri, rj,q) = ee
iq·x1 [τ i × τ j]3[∇r − σ1 × (σ2 ×∇r]fρ + (i↔ j), (A15)
jωqq¯(ri, rj,q) = ee
iq·x1(
1
3
+ τjz)(σ1 + σ2)×∇rfω + (i↔ j). (A16)
jγpipi(ri, rj,q) =
eg2
16πm2q
[τ1 × τ2]zσ1 ·∇1σ2 ·∇2
∫
dveiq·(R−vr)(zµ
e−Lµr
Lµr
− zΛ e
−LΛr
LΛr
),(A17)
jγρρ(ri, rj,q) =
eg2
16πm2q
[τ1 × τ2]z
· [4m2q − σ1 ×∇1 · σ2 ×∇2]
∫
dveiq·(R−vr)(zµ
e−Lµr
Lµr
− zΛ e
−LΛr
LΛr
). (A18)
J
IS/IV
S (ri, rj,q) = −
1
2m2q
{
Qiee
iq·riσi × qVS(ri, rj) + (i↔ j)
}
. (A19)
We have used the following abbreviations R = (ri + rj)/2, zm(q, r) = Lr + ivrq, and
L(q, v) = [1
4
q2(1− 4v2) + µ2]1/2 in Eqs. (A17, A18).
In the above derivation, we use strong interaction form factors given by Adam et. al.
[29], and neglect the nonlocal terms as usual.
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